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ABSTRACT
The formation and evolution of tidal tails like those observed around some globular
clusters and dwarf satellite galaxies is examined with an N -body simulation. In partic-
ular, we analyse in detail the evolving tidal features of a one-component satellite that
is moving on a highly eccentric orbit in the external field of a host galaxy potential
like our own. The results show that every time the satellite approaches apogalacti-
con, a fresh pair of tidal tails becomes notably prominent, and that eventually, the
satellite possesses multiple tidal tails via repeating apocentre passages. Accordingly,
the number of observed tidal arms can be used as a tracer of the number of orbital
periods that such a system has completed around the centre of its host galaxy. By
identifying the arm particles included in each of the first three consecutively formed
pairs of tidal tails, we find that each pair of tidal tails is practically identical to one
another regarding the energy and angular-momentum distributions. In addition, we
demonstrate that the density profiles of these three pairs of tidal tails at their first
apogalacticons after formation agree well with one another. It therefore follows that
the multiplicity in tidal features originates from the repeated episode of tidal-arm
formation in the course of the precessing motion of a satellite.
Key words: galaxies: kinematics and dynamics – galaxies: structure – methods:
numerical
1 INTRODUCTION
Recently, the observational evidence for tidal tails
around globular clusters (GCs) has been growing since
Grillmair et al. (1995) pointed out wing-like structures
in the surface-density profiles of GCs as a signature
of tidal tails. Subsequent observations have confirmed
and reinforced Grillmair et al.’s (1995) findings (amongst
many others, Lehmann & Scholz 1997; Testa et al. 2000;
Leon, Meylan & Combes 2000; Siegel et al. 2001; Lee et al.
2003; Sollima et al. 2011; Balbinot et al. 2011), providing
further pieces of evidence that support the existence of
tidal tails associated with GCs. Above all, Palomar 5 is
well-known for its two long and massive tidal tails that
extend to the opposite directions from the main body
(Odenkirchen et al. 2001, 2002, 2003), and NGC 5466 is also
known to have extended giant tails (Belokurov et al. 2006;
Grillmair & Johnson 2006). These two GCs are representa-
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tive examples of ongoing tidally disrupting stellar systems
in the Milky Way.
Indications of tidal features have also been observed
in some dwarf galaxies. For instance, among Milky Way
satellites, a tidal extension was found in Ursa Minor
(Mart´ınez-Delgado et al. 2001a), and an excess distribution
of stars induced by tidal interactions was detected around
Carina (Mun˜oz et al. 2006) and Leo I (Sohn et al. 2007).
As another example, the surface brightness around For-
nax was shown to depend on the direction of measurement
(Coleman et al. 2005), which is reminiscent of tidal distor-
tion. Even outside the Milky Way, strong tidal features
have been discovered e.g. around the Andromeda satellite,
NGC 205 (Howley et al. 2008; Saviane, Monaco & Hallas
2010) or around a dwarf galaxy in the Hydra I galaxy clus-
ter that belongs to the Local Volume (Rich et al. 2012;
Koch et al. 2012). Furthermore, a dwarf galaxy in the act
of tidal disruption has been reported in the halo of NGC
4449 which is also a dwarf galaxy in the nearby universe
(Mart´ınez-Delgado et al. 2012).
As described above, tidal tails are common features of
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satellite systems moving around a host galaxy. In such a
situation, the force field of the host in which a satellite is
orbiting will lead to the formation of a variety of tidal tails
around the satellite. Consequently, we can estimate the dis-
tribution of the gravitational potential of the host galaxy
from the morphology of the tidal tails (e.g. Binney 2008).
Since Galactic GCs are, on average, distributed much closer
to the centre of our Galaxy than satellite dwarf galaxies, the
tidal tails of GCs can give an indication of the inner mass
profile of our Galaxy, while those of satellite dwarf galax-
ies can be used as a probe for the outer mass distribution.
In addition, if the morphology of tidal tails could help to
trace the orbit of a GC or a dwarf galaxy, we might be able
to obtain an assembly history of satellite systems through
which a galaxy is built up and eventually becomes a large
and massive grown-up. Thus, through the tidal tails of satel-
lite systems, we could verify observationally the hierarchi-
cal structure formation scenario (e.g. Boylan-Kolchin et al.
2010).
From the viewpoints mentioned above, many nu-
merical simulations have been carried out so far
regarding the tidal interactions between a satellite
system and its host galaxy (Piatek & Pryor 1995;
Grillmair 1998; Mateo, Olszewski & Morrison 1998;
Mart´ınez-Delgado et al. 2001a,b, 2004; Dehnen et al.
2004; Capuzzo Dolcetta, Di Matteo & Miocchi 2005;
Montuori et al. 2007; Choi, Weingerg & Katz 2007;
Pen˜arrubia et al. 2009; Klimentowski et al. 2009;
Ku¨pper, Lane & Heggie 2012;  Lokas, Gajda & Kazantzidis
2013). Some studies have focused on the connection between
the orientation of tidal tails and the satellite orbit in order
to examine whether the orbital path of a satellite can
be determined from the observed morphology of its tidal
tails (Capuzzo Dolcetta et al. 2005; Montuori et al. 2007;
Klimentowski et al. 2009;  Lokas et al. 2013). Unfortunately,
the orientation of the tails is not a direct indicator of the
orbital path, because it depends on the orbital phase: the
tidal tails start to develop with the orientation almost
parallel to the orbital path near the pericentre and the
orientation changes gradually over time to become per-
pendicular near the apocentre if the orbit is relatively
eccentric. However, as stated by Montuori et al. (2007), the
tails located quite far from the GC centre are good tracers
of the GC path. This is because the tidal tails continue to
extend along both sides of the cluster path with time, once
the cluster has passed the first apocentre after the tails
were extracted near the pericentre.
Although considerable attention has been paid to the
direction of tidal tails around satellite systems, there are no
sufficient descriptions of the complicated features of tidal
tails that are forming while a satellite system is moving on
an eccentric orbit. In fact, intricate features like multiple
tidal arms can be seen in the simulations of Dehnen et al.
(2004), Capuzzo Dolcetta et al. (2005), and Montuori et al.
(2007). Montuori et al. (2007) noted the peculiar morphol-
ogy of multiple arms when the cluster was approaching the
apocentre. They explained the difference in the direction
of tidal arms at the pericentre and apocentre based on the
direction and strength of the Coriolis acceleration at both
positions. Indeed, their explanation describes how the direc-
tion of a given pair of tidal arms changes as its main body
moves on an eccentric orbit. However, how the multiplicity is
formed during the orbital motion has never been elucidated
exactly.
In this paper, we aim at disclosing the formation mech-
anism of multiple tidal tails around a satellite using an N-
body simulation. In so doing, we pay attention only to col-
lisionless systems and we will ignore the internal evolution
caused by two-body relaxation in the case of collisional sys-
tems like GCs. However, as the two-body relaxation time-
scale is typically long compared to an orbital period, we
expect collisional effects in GCs to be negligible, especially
in the outer regions where the tidal tails develop. In order
to keep the analyses simple, we also neglect the fact that
dwarf spheroidal galaxies are in effect two-component sys-
tems, consisting of a stellar inner spheroid embedded in a
surrounding dark-halo component. This is justified by the
fact that dwarf spheroidals are characterised by large mass-
to-light ratios (Mateo 1998; Gilmore et al. 2007), indicating
that the self-gravity of the stellar component is negligible.
Dwarf spheroidals therefore to a good approximation can be
treated as a one-component system with the stars tracing
the inner part of the tidally distorted dark-matter compo-
nent.
In Section 2, we describe our model of a satellite and its
host galaxy, and the N-body simulation method, together
with the initial setup of the simulation. For convenience, we
will call our satellite a dwarf galaxy and we will adopt typ-
ical physical parameters that apply to such systems. Note,
however, that all parameters can be rescaled to correspond
to systems with smaller masses so as to be adjusted more
suitably for GCs. Results are presented in Section 3. In Sec-
tion 4, we discuss the formation mechanism of the multiple
tidal tails and the detectability of such tidal tails. Finally,
conclusions are given in Section 5.
2 MODELS AND METHOD
We follow the dynamical evolution of a satellite that is
tidally interacting with its host galaxy. In particular, our
objective is to understand the mechanism by which multi-
ple tidal tails develop in the course of the orbital motion
of the satellite. For this purpose, we choose a single typi-
cal setup that will cause the multiplicity in tidal tails, and
analyse its formation process in detail.
The host galaxy is represented as an external potential
that consists of an infinitely extended isothermal sphere. Its
potential, Φ, is written as
Φ(r) = vc
2 ln(r/r0), (1)
where r is the radial distance from the centre of the host
galaxy, r0 is a reference radius which, for conventional rea-
sons, ensures negative values of the potential over a practi-
cal range of radii, and vc is a constant circular velocity. This
host galaxy corresponds to an extremely simplified model of
a dark-matter halo that leads to the flat rotation curve of-
ten observed in disc galaxies (Sofue & Rubin 2001). In this
model, a disc component is not included, so that we do not
take into account the effects of disc shocking that would be
suffered by a satellite when it penetrates the disc, and those
of likely precession of the satellite orbit that would arise from
the resulting asymmetric gravitational field. Since the peri-
centre distance of our dwarf galaxy model is 20 kpc as de-
c© 2014 RAS, MNRAS 000, 1–11
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Figure 1. Time evolution of the dwarf satellite galaxy in the act of tidal interaction with its host galaxy from the beginning till t = 198.
The particle distribution is seen in the orbital (x− y) plane. At times denoted by the labels, one-tenth of all particles at each position of
the dwarf galaxy are randomly selected and displayed. The filled red circle at (400, 0) stands for the initial position of the dwarf galaxy,
and the + symbol represents the centre of the host galaxy. The dashed green line shows the orbital path of the dwarf galaxy that moves
in the directions of the arrows. The dwarf galaxy is represented on real scales.
scribed below, these effects could be negligibly small, which
means that we could be allowed to neglect them. However, if
our adopted parameters are rescaled to be adjusted to GCs,
a disc component would be needed to evaluate these effects.
Although the simulation is scale free, for better demonstra-
tion we adopt r0 = 125 kpc and vc = 220 kms
−1 to mimic
a typical real Milky Way-type galaxy.
The satellite is modelled as a Plummer sphere
(Plummer 1911) whose density, ρd, and potential, Φd, are,
respectively, given by
ρd(r
′) =
3M
4πa3
[1 + (r′/a)2]−5/2, (2)
and
Φd(r
′) = −
GM
a
[1 + (r′/a)2]−1/2, (3)
where G is the gravitational constant,M and a are the mass
and scale length of the satellite, respectively, and r′ stands
for the radial distance from its centre. We realise this model
with N = 50 000 particles of equal mass by truncating it at
r′ = 5 a. As a result, its total mass amounts to 94.3 per cent
of the corresponding perfect Plummer sphere. For the satel-
lite constructed here, however, M is assigned to this finite
model. We useM = 107 M⊙ and a = 0.25 kpc as typical val-
ues, corresponding to a dwarf satellite galaxy. This satellite
galaxy is put into an orbit with an eccentricity of two-thirds,
the value of which is suitable for the formation of multi-
ple tidal arms (Dehnen et al. 2004; Montuori et al. 2007), as
well as typical for most dwarf galaxies formed in cosmolog-
ical simulations (Diemand, Kuhlen & Madau 2007). Here,
the eccentricity, ǫ, is defined as
ǫ =
ra − rp
ra + rp
, (4)
where ra and rp are the apo- and peri-galactic distances,
respectively. We set ra to be 100 kpc and rp to be 20 kpc,
and commence a simulation by placing the dwarf galaxy
at apogalacticon. From the beginning, the full host poten-
tial was imposed on the dwarf galaxy. This setup procedure
would not harm the entire dynamics of the dwarf galaxy,
since the crossing time, tcr, of the dwarf galaxy, as esti-
mated at the half-mass radius, r′h, is approximately one-
twentieth of the orbital time-scale, when tcr is calculated as
tcr = r
′
h/σ0, where σ0 is the one-component velocity dis-
persion at r′h.
The simulation was carried out with a hierarchical tree
algorithm (Barnes & Hut 1986). Forces were computed with
an opening angle of 0.5 and a gravitational softening of
0.068 a, including terms up to quadrupole order in the mul-
tipole expansions. The equations of motion were integrated
in Cartesian coordinates with a time-centred leap-frog al-
gorithm (e.g. Press et al. 1986). Results are presented in
the system of units such that G = M = a = 1. Thus,
when scaled to physical values, unit time and velocity are
1.86× 107 yr and 13.1 kms−1, respectively. The simulation
was continued until time t = 500 with a constant time step
of 0.05, which guaranteed that the total energy of the system
was conserved to better than 1.67 × 10−4.
c© 2014 RAS, MNRAS 000, 1–11
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Figure 2. Forming and evolving phases of tidal tails seen in the
orbital plane from t = 0 to t = 198 (a), and from t = 132 to
t = 264 (b). Only the particles included in each of the first three
consecutively formed pairs of tidal arms are shown without de-
picting the main body of the dwarf galaxy. In reality, the fourth
pair of tidal arms is formed at t = 264, which is omitted in this
plot. The red, blue, and green dots represent the particles of the
tidal arms formed firstly, secondly, and thirdly, respectively, from
the beginning of the simulation. The dashed lines trace the or-
bit of the centre of the dwarf galaxy, with the arrows indicating
the moving directions of the orbit. The filled circle at (400, 0) in
(a) denotes the initial position of the dwarf galaxy. The + sym-
bols indicate the centre of the host galaxy. Note that the tidal
tails are magnified twice as large as in reality for convenience in
illustration.
3 RESULTS
Fig. 1 shows the time evolution of the dwarf galaxy that is
suffering tidal forces from its host galaxy. This figure reveals
the formation process of tidal tails, with the dwarf galaxy
being heavily deformed over time. In particular, we can see
that tidal tails became progressively very intricate. Since the
principal aim of our study is to unravel how these compli-
cated tidal structures illustrated in Fig. 1 are formed, it is
useful to decompose the tidal arms in chronological order.
In order to distinguish the particles contained in the firstly
formed tidal tails from the main body, we select particles
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Figure 3. Time evolution of the tidal arms formed firstly (a),
secondly (b), and thirdly (c) seen in the orbital plane. Again, only
the particles included in each pair of tidal arms are displayed. The
filled circles denote the centre of the dwarf galaxy at times shown
by the labels. In each panel, the starting time for plotting arms
is very close to apogalacticon, and the subsequent plotting time
intervals are the same for the three pairs of tidal arms. The three
colours of red, blue, and green are repeatedly used in this order
with time just for the purpose of facilitating visualisation. The
tidal tails are depicted on real scales unlike those in Fig. 2.
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which are both marginally bound to and unbound from the
main body at the first apogalacticon (at t ∼ 66), and then,
from these particles, we determine the particles that are un-
bound from the main body afterwards all the way to the end
of the simulation (t = 500). Eventually, we have identified
the firstly formed tidal tails. Then, repeating this procedure
at the subsequent two apogalacticons (at t ∼ 132 and at
t ∼ 198) while eliminating particles already confirmed as
arm particles, we can single out the particles belonging to
the secondly and thirdly formed tidal tails. Fig. 2 displays
the forming and evolving phases of the three groups of tidal
arms thus classified by virtue of the formation epoch, with
the main body of the dwarf galaxy being masked. As found
from this figure, the arm particles formed at each epoch can
be separated into either leading-arm or trailing-arm parti-
cles on the basis of their positions relative to the main body
when seen in the orbital plane.
We find from Fig. 2 that a pair of tidal arms is newly
generated every time the dwarf galaxy completes a sequen-
tial move from one apogalacticon to another, and that the
evolution of each pair of tidal arms looks very similar to one
another. For example, the pair of tidal arms at t = 66 repre-
sented with red dots resembles the two pairs of those which
appear at t = 132 with blue dots and at t = 198 with green
dots. Likewise, the pair of the secondly formed tidal tails at
t = 198 marked with blue dots has similar appearance to
the pair of those at t = 264 with green dots.
Fig. 3 exhibits the time evolution of the first three pairs
of tidal arms separately, again without depicting the main
body. This figure clearly demonstrates that the formation
and evolution of the secondly formed pair of tidal arms is
one episode behind those of the firstly formed pair, and that
this relation between the firstly and secondly formed pairs
is basically repeated by the secondly and thirdly formed
pairs concerning the formation and evolution of tidal arms.
However, there are also some minor differences. The parti-
cles contained in the first pair are distributed rather com-
pactly from the beginning to t = 46 somewhat after the
first pericentre passage as compared to those in the second
and third pairs which show expanded distributions from the
time around apocentre passage (t = 66 for the second pair
and t = 132 for the third pair) to the time somewhat after
pericentre passage (t = 112 for the second pair and t = 178
for the third pair). This is because the particles in the sec-
ond and third pairs have already suffered tidal effects once
(the third pair) or twice (the second pair) in passing peri-
centre (see also Fig. 4 below). Nevertheless, except at the
early formation phases, the appearance of the three pairs of
tidal arms at each corresponding phase looks very similar to
one another.
Fig. 4 shows the time evolution of the mean specific
energy, 〈E〉, and that of the mean specific angular momen-
tum, 〈J〉, each of which is calculated by averaging over all
particles included in each leading or trailing arm of the first
three consecutively formed tidal tails, along with the radial
distance between the centres of the dwarf and host galaxies
against time. To be precise, the specific energy is the total
energy, and includes both potentials of the dwarf and host
galaxies, while the specific angular momentum is its absolute
value being calculated with respect to the centre of the host
galaxy. From Fig. 4, we find that the dwarf galaxy suffers
strong tidal forces within the potential of the host galaxy
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Figure 4. Time evolution of the mean specific energy, 〈E〉, and
that of the mean specific angular momentum, 〈J〉, averaged over
all particles included in each arm. The red, blue, and green lines
represent the values of 〈E〉 or those of 〈J〉 for the firstly, secondly,
and thirdly formed arms, respectively. The top and third panels
show the quantities for the leading arms, while the second and
fourth panels show those for the trailing arms. The vertical dotted
lines denote the times of pericentre passage. The bottom panel
indicates the radial distance between the centres of the dwarf and
host galaxies as a function of time.
when it passes pericentre, which leads to the excitation of
a pair of tidal tails, and that as a consequence, particles
in trailing arms gain both energy and angular momentum,
while those in leading arms lose both energy and angular
momentum. Although all arm particles gain some energy
and subsequently become unbound from the dwarf galaxy,
the total energies of those leading-arm particles, which are
moving slightly inside the orbital path of the dwarf galaxy
after being tidally extracted, decrease by an amount which is
c© 2014 RAS, MNRAS 000, 1–11
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Figure 5. Fractional energy distribution, f(E), (a), and frac-
tional angular-momentum distribution, f(J), (b), for each pair of
the first three consecutively formed tidal arms at t = 500. The
value of the energy and that of the angular momentum at the cen-
tre of the dwarf galaxy are −42.2 and 2 466, respectively. These
distributions remain practically unchanged after t ∼ 300.
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Figure 6. Time evolution of the lengths of leading (solid lines)
and trailing (dashed lines) arms (upper panel), and time change
in the radial distance between the centres of the dwarf and host
galaxies (lower panel). The length of an arm is the distance be-
tween the nearest and farthest particles in the arm from the centre
of the dwarf galaxy. The red, blue, and green lines represent the
lengths of the firstly, secondly, and thirdly formed tidal arms,
respectively. The vertical dotted lines indicate the times of peri-
centre passage.
much larger than the gained energy owing to further energy
loss that originates from the difference in the host galaxy
potential between the particle positions before and after the
tidal extraction. We provide estimations of the energy and
angular-momentum changes for the arm particles at the for-
mation epoch in Appendix A. In addition, we notice from
Fig. 4 that leading-arm (trailing-arm) particles periodically
lose (gain) angular momentum by a tiny amount after they
escape from the dwarf galaxy and form tidal tails; a closer
look at the late time evolution in the figure indicates that the
subsequent changes in angular momentum of arm particles
occur not near perigalacticon but near apogalacticon. This
angular-momentum change is caused by the gravitational
force of the main satellite body that attracts the leading-
arm particles backward and the trailing-arm particles for-
ward, and that the effect of the attractive force is largest
at apogalacticon where the arm particles are closest to the
satellite (see Fig. 6).
Figs. 5(a) and 5(b) present, respectively, the frac-
tional energy distribution, f(E), and the fractional angular-
momentum distribution, f(J), for each pair of the first three
consecutively formed tidal arms at the end of the simulation
(t = 500). As found from Fig. 4, the arm particles experi-
ence only a small amount of change in energy and angular
momentum after they have escaped from the potential of
the satellite, and so, the distributions of energy and angular
momentum for the first three pairs of tidal tails can be re-
garded as approximately invariable if they are examined at
times somewhat later than the formation of the third pair of
tidal arms. Thus, Figs. 5(a) and 5(b) indicate that the en-
ergy and angular-momentum distributions of the three pairs
of tidal arms are almost identical to one another. Particu-
larly remarkable is the agreement in f(J) for both leading
and trailing arms among the three pairs of tidal arms.
Fig. 6 shows the time evolution of the lengths of lead-
ing and trailing arms for the first three consecutively formed
tidal arms. Here, we define the length of an arm as the lin-
ear distance between the nearest and farthest particles in
the arm from the centre of the dwarf galaxy. For each pair
of tidal arms, the lengths of the leading and tailing arms be-
come longer and longer as the dwarf galaxy moves from an
apogalacticon to the next perigalacticon, and they become
shorter and shorter as it moves from that perigalacticon to
the next apogalacticon. The length of each arm as a whole
shows a gradual increase over time, while this oscillatory
behaviour in the arm length is repeated. The change in the
length of tidal tails has often been mentioned qualitatively
(e.g.  Lokas et al. 2013). This figure demonstrates quantita-
tively what we have found from Fig. 3: the time change
in the tidal-arm lengths of the secondly formed pair is one
episode behind that of the firstly formed pair, and this re-
lation between the firstly and secondly formed pairs holds
also between the secondly and thirdly formed pairs.
To illustrate that the three pairs of tidal tails have sim-
ilar shapes and density distributions, we first rotate the po-
sitions of the arm particles projected on to the orbital plane
in the secondly formed tails by the angle between the two
apogalacticons at t ∼ 132 and at t ∼ 198, and superpose the
secondly formed tails on the firstly formed tails at the posi-
tions of the trailing and leading arms of the firstly formed
tails at t = 132. Next, these processes are also applied to the
secondly and thirdly formed tails, for which the rotation an-
gle is the one between the two apogalacticons at t ∼ 198 and
t ∼ 264, and the superposition is carried out again at the
positions of those arms of the firstly formed tails at t = 132.
In Fig. 7, we present such superpositions of the density con-
tours of the first three consecutively formed tidal tails, when
they are seen in the orbital plane. From the left panels of
Figs. 7(a) and 7(b), we can see that at least, the outlines of
c© 2014 RAS, MNRAS 000, 1–11
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Figure 7. Superposition of the density contours projected on to the orbital plane of the first three consecutively formed tidal tails by
rotating an angle between two specified apogalacticons for trailing arms (a) and leading arms (b). All three arms (left panels), the first
(at t = 132) and second (at t = 198) arms (middle panels), and the second (at t = 198) and third (at t = 264) arms (right panels) are
superposed at the positions of the first trailing and leading arms at t = 132. The density contours are drawn at the 80%, 60%, 40%, and
20% levels of the maximum density of each arm on logarithmic scales. The red, blue, and green contours denote the density contours of
the first, second, and third arms, respectively.
the three trailing and leading arms are in fairly good agree-
ment with one another. In addition, the density distributions
of the firstly formed tidal tails do not deviate considerably
from those of the secondly formed ones both for the trail-
ing and leading arms, as illustrated in the middle panels of
Figs. 7(a) and 7(b). Likewise, the density distributions of
the secondly formed tidal tails agree to some extent with
those of the thirdly formed ones again both for the trail-
ing and leading arms, as recognized from the right panels of
Figs. 7(a) and 7(b).
In Fig. 8, we show the snapshots of the tidal arms at
t = 104 and at t = 170, somewhat after pericentre passage
without depicting the main body of the dwarf galaxy. This
figure indicates that at t = 104, the particles constituting
the first pair of tidal arms are already farther away from the
main body and distributed along either side of its orbital
path. The situation is similar at t = 170 when both the first
and second arms have disconnected from the main body. As
a result, the region in the vicinity of the main body is always
occupied by the particles that are forming a new pair of tidal
arms. However, as the dwarf galaxy approaches apogalacti-
con, many of the constituent particles of the existing pair(s)
come closer to the main body and the lengths of the arms
shrink, as illustrated in Figs. 2 and 6. In this way, the ex-
isting pair(s) and the newly formed pair of tidal arms are
found together in the vicinity of the main body around apoc-
entre passage, as is evident from the snapshots at t = 132
and at t = 198 in Fig. 2. We also notice that each of the
consecutively formed leading and trailing arms is smoothly
connected in line near perigalacticon, which looks as if only
a single pair of tidal arms were created.
As a side note, Fig. 9 presents the spherically averaged
density profiles of the main body of the dwarf galaxy at the
times around apogalacticon. We have confirmed that the
main body itself is roughly spherical within r′ ∼ 10 until
t ∼ 200. As seen from this figure, the initial density profile is
deformed outside of r ∼ 2, the radius of which is considered
to be the tidal radius. Indeed, this radius can be compared
to the tidal radius of r ∼ 1.7 estimated at perigalacticon
from equation (11) of Oh, Lin & Aarseth (1995) (see also
King 1962). The particles that have been stripped off from
the main body produce a noticeable bend at r ∼ 4, and con-
tinue outward into tidal tails. In addition, this figure indi-
cates that the tidal forces exerted by the host galaxy during
the formation of the first pair of tidal arms deform consid-
erably the outer density profile of the main body, while the
subsequent tidal forces have less impact on the outer den-
sity profile, so that it changes gradually with time. However,
the particles included in each pair of tidal arms is nearly the
same in number, regardless of the strength of the tidal forces,
as shown in Table 1.
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Figure 8. Two pairs of leading and trailing tidal arms at t = 104
(a), and three pairs of those at t = 170 (b), somewhat after peri-
centre passage projected on to the orbital plane. The red, blue,
and green dots represent the particles constituting the firstly, sec-
ondly, and thirdly formed arms, respectively. Only the arm par-
ticles are plotted. The dashed lines show the orbital path of the
dwarf galaxy, while the arrows on them denote the directions of
the orbital motion of the dwarf galaxy. The filled yellow and black
circles indicate the positions of the centre of the dwarf galaxy at
t = 104, and at t = 170, respectively. The long arrow with the
label G.C. in (a) points to the centre of the host galaxy, while the
+ symbol in (b) shows the centre of the host galaxy. The tidal
tails are represented on real scales.
4 DISCUSSION
As far as the formation of the first pair of tidal tails
is concerned, our dwarf galaxy model shows an evolu-
tionary sequence which is very similar to that in pre-
vious studies (Piatek & Pryor 1995; Dehnen et al. 2004;
Capuzzo Dolcetta et al. 2005; Montuori et al. 2007), as pre-
sented in Figs. 1 and 3(a). That is, the tidal interaction of
the dwarf galaxy, starting from apogalacticon, with its host
galaxy generates a pair of tidal arms at a position close to
perigalacticon, and that pair becomes more pronounced at
the subsequent apogalacticon. As explained qualitatively by
Dehnen et al. (2004) on the basis of a simple analytic argu-
ment on orbital energy, one half of the pair contains particles
10-6
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Figure 9. Spherically averaged density distributions of the main
body of the dwarf galaxy around apogalacticons. Note that the
initial model was truncated at r′ = 5.
Table 1.Number of particles,N , and total mass fraction included
in each tidal arm for the first three pairs of tidal tails. Here, the
fraction is the ratio of the number of arm particles to that of the
bound particles of the dwarf galaxy. The letters L and T denote
leading and trailing arms, respectively.
first arms second arms third arms
L T L T L T
N 2 705 2 763 2 790 2 682 1 914 2 240
% 5.41 5.53 6.27 6.02 4.90 5.73
which lose energy as a whole and move on to orbits slightly
inside the orbital path of the main body of the dwarf galaxy,
while the other half contains those which gain energy by
and large and move on to orbits slightly outside that orbital
path. Consequently, the former and latter particles consti-
tute a leading and trailing tail, respectively. In fact, we have
demonstrated in Fig. 4 that on average, leading-arm par-
ticles lose energy, while trailing-arm particles gain energy,
when a pair of tidal arms is formed.
On the other hand, we have also shown in Fig. 4 that
on the whole, leading-arm particles lose angular momentum,
while trailing-arm particles gain angular momentum. After
the arm particles that have lost or gained angular momen-
tum pass through their first apogalacticon, they lose or gain
only a small amount of angular momentum subsequently. As
the dwarf galaxy moves from an apogalacticon to the next
perigalacticon, the distances from the arm particles to the
centre of the host galaxy diminish, and owing to that approx-
imate conservation of angular momentum, the velocities of
leading-arm particles are increased while those of trailing-
arm particles are decreased relative to the velocity of the
centre of the dwarf galaxy. Consequently, near the perigalac-
ticon the leading arm extends forward while the trailing arm
elongates backward with respect to the main body of the
dwarf galaxy. Therefore, as is demonstrated in Figs. 3 and 8,
the direction of the tidal arms becomes almost parallel to the
orbital path of the dwarf galaxy around pericentre passage,
which is often reported in the literature (Dehnen et al. 2004;
Capuzzo Dolcetta et al. 2005; Montuori et al. 2007) without
physical explanations. Subsequently, the arm lengths are de-
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creased from the perigalacticon to the next apogalacticon
again on account of that approximate conservation of angu-
lar momentum.
Regarding the formation mechanism of multiple tidal
arms, we can see from Figs. 2 and 3 that each pair of
tidal arms never bifurcates with time, and that a fresh pair
of tidal arms develops every time the dwarf galaxy moves
from a perigalacticon to the next apogalacticon. It thus fol-
lows that the multiple pairs of tidal arms are generated by
the repeated episode of tidal-arm formation. However, even
though a pair of tidal arms is formed repeatedly again and
again, the multiplicity itself cannot be recognized unless the
angle between two pairs of tidal arms is different to some de-
gree. Since the dynamical time of the dwarf galaxy is shorter
than its orbital period, it recovers dynamical equilibrium
soon after a pair of tidal arms is extracted at perigalac-
ticon. Moreover, the gravitational effects of tidal arms are
negligible, so that existing tidal arms do not affect the sub-
sequent formation of tidal arms. Hence, the configuration
of a forming pair of tidal arms with respect to the dwarf
galaxy is determined only by its orbital phase. Now that the
dwarf galaxy is moving on an eccentric rosetta orbit that is
not closed, the precession of the orbit results in a rotation
of the orientation of newly forming arms extracted around
perigalacticon, leading to differences in the position angles
of these arm particles. The resulting multiplicity is recog-
nizable at the apogalacticon where the extracted arms are
well-developed. In this way, the multiplicity of tidal arms is
perceived. In fact, Fig. 7 proves that the secondly formed
pair of tidal arms can be superposed on the firstly formed
pair by rotating the angle between the two apogalacticons at
t ∼ 132 and t ∼ 198, and that likewise, the thirdly formed
pair can be fit with the secondly formed pair by rotating
the angle between the two apogalacticons at t ∼ 198 and
t ∼ 264. These angles rotated to superpose the density pro-
files of tidal tails correspond to the precessing angle result-
ing from the eccentric orbit of the dwarf galaxy. We thus
find that multiple tidal arms are the outcome of repeated
tidal-arm formation amid the precessing motion. Although
Montuori et al. (2007) described the formation of multiple
tidal tails around GCs on the basis of the Coriolis acceler-
ation term in their equation (5), they only pointed out the
directions of tidal tails near the apo- and peri-galactic cen-
tres, and they never referred to the precession angle of the
orbit.
In our experiment, the number of particles included
in each pair of tidal arms is nearly identical for the first
three pairs of tidal arms as found from Table 1. These parti-
cles produce similar density distributions at similar orbital
positions for the three pairs of tidal arms (see Fig. 7). In
addition, Fig. 5 reveals the similarity in the energy and
angular-momentum distributions of these three pairs. There-
fore, each episode of tidal-arm formation is independent of
the previous episode(s). Again, this fact ensures that the
phase of the tidal-arm formation is specified only by the
phase of the orbit of the dwarf galaxy.
We should discuss the detectability of multiple tidal
tails. First of all, although dwarf galaxies are considered
to be dark-matter dominated (Mateo 1998; Gilmore et al.
2007), we have neglected a contribution of dark matter to
our dwarf galaxy model. In such circumstances, it is con-
ceivable that multiple tidal tails are predominantly made
of dark matter. How much luminous matter is contained
in tidal tails can be estimated from its total fraction out-
side the tidal radius of a progenitor dwarf galaxy. Proba-
bly, multiple tidal tails containing stars could also form for
plausible models of dwarf galaxies despite the fact that they
are dominated by dark matter. For example, according to
the simulations of  Lokas et al. (2013) in which the proper-
ties of tidal tails around dwarf galaxies orbiting a Milky
Way-like host have been studied, both stellar and dark-
matter components develop tidal tails. On the other hand, as
shown by Pen˜arrubia, Navarro & McConnachie (2008) and
by Smith et al. (2013), dwarf galaxy models consisting of
stellar and dark-matter components lose more than 90 per
cent of the dark halo before affecting the stellar component.
In this way, even if the stars are not self-gravitating, they
reside in the innermost parts of the dark halo. Consequently,
our one-component model for dwarf galaxies can still pro-
vide some insight into the physics for tidal-tail formation
and the multiplicity in general, and can serve as a basis for
more complex multi-component models. Next, obviously, we
can observe the multiplicity more easily when the orbital
plane of a dwarf galaxy is viewed from the direction to the
line of sight as perpendicularly as possible. However, even
though we are then placed at a preferred configuration with
respect to the orbital plane, Fig. 8 indicates that near peri-
galacticon, tidal arms generated in subsequent episodes form
a single coherent structure, which makes it difficult to dis-
tinguish each pair of them. As found from Figs. 2 and 3,
the situation is better around apogalacticon where at least
trailing arms are spatially separated, providing information,
in some cases, about the number of orbital rotations com-
pleted by the satellite. Thus, it is significant to discover those
dwarf satellite galaxies presenting multiple tidal arms which
lie around apogalacticon and whose orbital plane is nearly
perpendicular to the line of sight.
As we have described in Section 1, our present analysis
is applicable to GCs, although we do not include in our study
the effects of disc shocking that would be expected for most
of GCs. Therefore, it is likely that multiple tidal tails around
GCs can be detected. Interestingly, NGC 288 has been re-
ported to have multiple tidal tails (Leon et al. 2000). How-
ever, GCs are considerably less massive than dwarf galax-
ies, and so, long tidal tails, in general, would become suffi-
ciently faint. In addition, since GCs are collisional systems
in which mass segregation progresses, tidal tails consist pri-
marily of less massive and less luminous stars as shown by
Combes, Leon & Meylan (1999). Consequently, it might be
more difficult to detect multiple tidal tails around GCs, even
if they actually exist, than those around dwarf galaxies. As
another view, GCs moving on highly eccentric orbits that
are suitable for developing multiple tidal tails might have
been selectively disrupted on the ground that they populate
in the inner regions of our Galaxy where tidal effects are
relatively strong.
5 CONCLUSIONS
We have examined how tidal tails are formed and evolve
to generate multiple tidal features around a dwarf satellite
galaxy moving on a highly eccentric orbit in a fixed potential
of its host galaxy in which a disc component is neglected,
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assuming that the dwarf galaxy is a one-component system.
We find that a pair of tidal tails is excited every time the
dwarf galaxy passes through perigalacticon where it suffers
strong tidal forces from the host galaxy, and that the ex-
tracted pair is added to the existing pair(s) of tidal tails,
which leads to the multiplicity. We also find that the an-
gle between two consecutively formed pairs of tidal tails is
equal to the one arising from the precessing motion of the
dwarf galaxy, when viewed on the orbital plane. This process
should be valid for any satellite, regardless of whether it is
a GC or a satellite galaxy. Whenever the satellite is on an
eccentric orbit, the repeating tidal-tail formation process at
perigalacticon, coupled with the precessing motion, should
create multiple tidal tails.
In addition, we have demonstrated that especially for
the first three consecutively formed pairs of tidal tails
each pair shows, in effect, identical energy and angular-
momentum distributions as well as density distribution to
one another. This fact indicates that each pair of tidal tails
is formed almost independently of the pre-existing pair(s).
It thus turns out that the phase of the tidal-tail formation
is specified basically by the phase of the eccentric orbit of a
satellite system.
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Figure A1. Schematic representation of the main body and the
tidal tails, where rp and rc are the pericentre distance and the
radius of the dwarf galaxy, respectively, and rtail is a representa-
tive distance from the centre of the host galaxy to the leading or
trailing tail.
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APPENDIX A: ENERGY AND
ANGULAR-MOMENTUM CHANGES FOR
TIDAL TAILS AT THE FORMATION EPOCH
Suppose that the tidal tails are extracted impulsively from
the dwarf galaxy at pericentre. The energy change for the
arm particles arises from the difference in the host galaxy
potential between the distances of the arm particles from
the centre of the host galaxy before and after the extraction.
From Fig. A1 in which the configuration of the main body
and the tidal tails is illustrated, the value of this energy
change can be estimated to be ∆E = Φ(rtail)−Φ(rp). Using
equation (1), we obtain, in our dimensionless system of units,
∆E = vc
2 ln(rtail/rp) = vc
2 ln(1 ± rc/rp) ∼ ±18, where
the + and − signs correspond to the trailing and leading
arms, respectively. In this calculation, we adopt the values
of vc
2 = 282, rc = 5, and rp = 80. Thus, ∆E agrees well
with the amount of the energy lost by the leading arm, or
that gained by the trailing arm, as shown in Fig. 4.
On the other hand, the angular-momentum change for
the arm particles is caused by stripping them off from the
dwarf galaxy when it passes through the pericentre at the
formation epoch (t ∼ 33). Again, this stripping is supposed
to be impulsive, so that the leading-arm particles will lose
angular momentum, while the trailing-arm particles will
gain angular momentum, by the amount of ∆L ∼ vp ∆r,
where vp and ∆r denote, respectively, the orbital speed of
the main body at the pericentre, and the displacement be-
tween the centre of the main body and a representative po-
sition of each arm. In order to evaluate this representative
position, we calculate the distances of the particles in the
first pair of tidal arms from the centre of the dwarf galaxy.
Fig. A2 shows the resulting fractional particle number dis-
tributions of this pair near the pericentre. We find from this
figure that the typical value of ∆r is ∼ ±3.5, where the +
 0
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Figure A2. Fractional particle number distributions of the firstly
formed tidal arms against the distance from the centre of the
dwarf galaxy near the pericentre (t = 34).
and − signs correspond to the trailing and leading arms, re-
spectively. At around the distance of |∆r|, the density bend
can be found in Fig. 9, and so, this distance is considered
to indicate the representative position for both arms. Con-
sequently, we obtain ∆L ∼ ±105 using vp ∼ 30. This value
of ∆L is close to the amount of the angular momentum lost
by the leading arm, or that gained by the trailing arm, as
shown in Fig. 4.
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